Abstract Autophagy is an important intracellular catabolic mechanism involved in the removal of misfolded proteins. Atg14L, the mammalian ortholog of Atg14 in yeast and a critical regulator of autophagy, mediates the production PtdIns3P to initiate the formation of autophagosomes. However, it is not clear how Atg14L is regulated. In this study, we demonstrate that ubiquitination and degradation of Atg14L is controlled by ZBTB16-Cullin3-Roc1 E3 ubiquitin ligase complex. Furthermore, we show that a wide range of G-protein-coupled receptor (GPCR) ligands and agonists regulate the levels of Atg14L through ZBTB16. In addition, we show that the activation of autophagy by pharmacological inhibition of GPCR reduces the accumulation of misfolded proteins and protects against behavior dysfunction in a mouse model of Huntington's disease. Our study demonstrates a common molecular mechanism by which the activation of GPCRs leads to the suppression of autophagy and a pharmacological strategy to activate autophagy in the CNS for the treatment of neurodegenerative diseases.
regulate autophagy under normal nutritional condition is an important unsolved question in the field. In mammalian cells, adaptor protein Atg14L/Barkor in complex with Vps34, the catalytic subunit of the class III PI3K, and the regulatory proteins Beclin 1 and p150, function as a key driver in orchestrating the formation of autophagosomes by regulating the formation of Vps34 complexes and for targeting to the isolation membrane involved in initiating the formation of autophagosomes (Obara and Ohsumi, 2011) . However, it remains to be determined how Atg14L is regulated in response to extracellular signaling.
G-protein (heterotrimeric guanine nucleotide-binding protein)-coupled receptors (GPCRs) are important regulators of cellular responses to diverse stimuli with major clinical implications (Foord et al., 2005) . While the activation of GPCRs is known to lead to numerous downstream events, the role and mechanism of autophagy regulated by GPCRs is not yet clear. Furthermore, it is also not clear how the signaling of GPCRs controls the levels of PtdIns3P.
ZBTB16, also known as promyelocytic leukemia zinc finger or Zfp145, is a member of 'BTB-POZ' protein family and mediates the binding of CUL3, a core component in multiple cullin-RING-based BCR (BTB-CUL3-RBX1) E3 ubiquitin-protein ligase complexes and its substrates (Furukawa et al., 2003; Geyer et al., 2003; Xu et al., 2003) . In this study, we investigated the mechanism by which ZBTB16 regulates autophagy. We show that CUL3-ZBTB16 regulates autophagy by mediating the proteasomal degradation of Atg14L, which is controlled by GPCR ligands through GSK3β phosphorylation. Furthermore, we show that inhibiting GPCRs by pharmacological means leads to the activation of autophagy in the central nervous system (CNS) and ameliorates neural dysfunction in a mouse model of Huntington's disease. Our study identified a common mechanism by which multiple GPCR ligands mediate autophagy through regulating the levels of Vps34 complexes and a pharmacological strategy to activate autophagy in the CNS to inhibit neural dysfunction induced by the accumulation of misfolded proteins.
eLife digest Proteins need to be folded into specific three-dimensional shapes for them to work properly. However, the folding process does not always work perfectly, and proteins are sometimes misfolded. If left to accumulate, these misfolded proteins can damage cells, and most long-term human neurodegenerative diseases, such as Huntington's disease, Parkinson's disease, and Alzheimer's disease, are caused by the build-up of misfolded proteins in the brain.
Autophagy helps to clean up misfolded proteins (and other damaged cell components) by first wrapping them in membrane vesicles. The membrane-wrapped vesicles-known as autophagosomes-then move to fuse with lysosomes, a different kind of membrane compartment in the cell, which breaks down misfolded proteins and recycles the degradation products. In mammalian cells, a protein called Atg14L is critical in the process of autophagosome formation.
The levels of autophagosome formation are regulated by signals that originate from outside the cell. However, it is not clear if and how cells respond to external signals to control the levels of autophagy by regulating the amount of Atg14L. The G-protein-coupled receptors (GPCRs) are the largest class of membrane proteins that our cells have that are involved in sensing and responding to external signals. The activation of GPCRs has been shown to lead to diverse physiological responses. Zhang et al. now show that when any of a wide range of different signaling molecules bind to the GPCRs, the receptors activate a protein called ZBTB16 that leads to the degradation of Atg14L to inhibit autophagy.
Furthermore, Zhang et al. found that blocking the activity of the GPCRs with a drug can activate autophagy and reduce the amount of misfolded proteins in the cell. In mice that have a version of a gene that causes Huntington's disease, this inhibition also protects against the symptoms of the disease. The challenge now is to identify appropriate GPCRs that can be safely manipulated to control the levels of autophagy in the brain in order to reduce the levels of the misfolded proteins that cause neurodegeneration.
Results

Regulation of Atg14L levels by ZBTB16
A genome-wide siRNA screen identified ZBTB16 as one of the hits that when its expression is knocked down can lead to the activation of autophagy and increased production of PtdIns3P (Lipinski et al., 2010) . Since PtdIns3P is produced by Vps34 complexes, the class III PtdIns3 kinase, we hypothesize that ZBTB16 might affect the levels/activity of Vps34 complexes. Although ZBTB16 is known to be involved in regulation of transcription in nucleus (Mathew et al., 2012) , ZBTB16 is predominantly localized in the cytoplasm (Costoya et al., 2008) (Figure 1A) , suggesting that ZBTB16 might have a non-nuclear function. To test this hypothesis, we screened for the effects of ZBTB16 knockdown on the levels of Atg14L, Vps34, Beclin1, and UVRAG. Interestingly, we found that knockdown of ZBTB16 led to specific increases in the levels of Atg14L, a key component of Vps34 complexes specifically involved in regulating autophagy, and corresponding increases in the ratio of LC3II/tubulin and a reduction in the levels of p62, indicating the activation of autophagy ( Figure 1B and Figure 1 -figure supplement 1A) (Matsunaga et al., 2009; Zhong et al., 2009) . Overexpression of Atg14L has been shown to induce autophagy under normal nutritional conditions (Matsunaga et al., 2010; Fan et al., 2011) . On the other hand, the levels of Beclin1, Vps34, UVRAG were not affected by the knockdown of ZBTB16 ( Figure 1B) . We compared the changes of LC3II/tubulin in the presence or absence of chloroquine (CQ), an inhibitor of lysosomal degradation. We found that compared to that of ZBTB16 knockdown or CQ treatment, the presence of CQ with ZBTB16 knockdown led to a further increase in the ratio of LC3II/tubulin, suggesting that ZBTB16 deficiency led to an increase in autophagic flux ( Figure 1C) .
To confirm the role of ZBTB16 in regulation of Atg14L and autophagy in vivo, we examined the levels of Atg14L and LC3II in ZBTB16−/− mice (Barna et al., 2000) . Interestingly, we found that the levels of Atg14L were dramatically increased in the kidney, heart, liver, and brain of ZBTB16−/− mice compared to that of wt ( Figure 1D and Figure 1-figure supplement 1B) . The levels of autophagy as indicated by the ratio of LC3II/tubulin were significantly higher in ZBTB16−/− mice than that of wt mice. From these results, we conclude that ZBTB16 is an important regulator of Atg14L and autophagy.
To further characterize the impact of ZBTB16 on the levels of Atg14L, we transfected an expression vector of ZBTB16 into HeLa cells. Overexpression of ZBTB16 led to down-regulation of Atg14L protein in a dose-dependent manner but not that of its mRNA ( Figure 1E and Figure 1 -figure supplement 1C). Thus, ZBTB16 regulates the protein levels of Atg14L but not its mRNA.
Since ZBTB16 is known to function as an adaptor for CUL3-ROC1 complex of ubiquitin ligase (Xu et al., 2003; Mathew et al., 2012) , we next tested the effect of this complex on the levels of Vps34 complexes. Overexpression of CUL3-ROC1-ZBTB16 led to the reduction in the levels of transfected as well as endogenous Atg14L ( Figure 1F-G) . Overexpression of ZBTB16 also had a minor reducing effect on the levels of Vps34 and Beclin1, but not that of UVRAG (Figure 1-figure  supplement 1D ), consistent with a coordinated regulation of Vps34 complexes (Itakura et al., 2008; Matsunaga et al., 2009; Zhong et al., 2009) . The down-regulation of Atg14L by CUL3-ROC1-ZBTB16 can be rescued by MG132, which inhibits the proteasomal degradation, but not by E64d, an inhibitor of lysosomal degradation ( Figure 1F-G) . Finally, we found that knockdown of CUL3 led to increases in the levels of Atg14L and autophagy (Figure 1-figure supplement 1E ). The effect of knockdown ZBTB16, Cullin3, and ROC1 was also confirmed using image-based LC3-GFP assay (Figure 1-figure  supplement 1F ). Taken together, these results suggest that CUL3-ROC1-ZBTB16 complex may promote the degradation of autophagic-specific Vps34 complexes through proteasomal pathway.
CUL3-ROC1-ZBTB16 mediates the ubiquitination of Atg14L
Since ZBTB16 is known to function as an adaptor for CUL3-ROC1 ligase complex (Furukawa et al., 2003; Geyer et al., 2003; Xu et al., 2003) , we next investigated the possibility that Atg14L might be able to bind to ZBTB16. We found that while the interaction of Atg14L and ZBTB16 was detectable under normal condition, such interaction was dramatically enhanced in the presence of proteasomal inhibitor MG132 (Figure 2A ; Figure 2-figure supplement 1A) . In contrast, while the interactions of Vps34 and Beclin1 with ZBTB16 were detectable, the presence of MG132 had only minimum effect (Figure 2 -figure supplement 1B-C), suggesting that the interaction of ZBTB16 with Vps34 and Beclin1 might be indirect. In addition, we found that the endogenous interaction of ZBTB16 with Atg14L can be detected in both 293T and HeLa cells and can also be enhanced in the presence of proteasomal inhibitor MG132 ( Figure 2B-C) . Consistent with the regulation of ZBTB16-Cullin3-ROC1 complex, the interaction of endogenous Atg14L with this complex was also detected ( Figure 2D) .
We next characterized the domains of Atg14L and ZBTB16 involved in their interaction. We found that deletion of the C-terminal Barkor/Atg14(L) autophagosome targeting sequence (BATS) domain, known to be involved in binding of Atg14L to autophagosome membrane (Fan et al., 2011) , completely eliminated the binding to ZBTB16 ( Figure 2E ). On the other hand, deletion of the center domain of ZBTB16 eliminated the binding to Atg14L ( Figure 2F) . Thus, the C-terminal BATS domain of Atg14L likely interacts with the center domain of ZBTB16.
Consistent with regulation of Atg14L by ZBTB16-mediated ubiquitination, the expression of ZBTB16, Cullin3, and ROC1 led to the ubiquitination of Atg14L ( Figure 2G) . Furthermore, ubiquitination of The levels of ZBTB16, Atg14L, LC3, and actin (control) in the lysates isolated from wt and zbtb16−/− littermates were analyzed by western blotting using indicated antibodies. (E) HeLa cells were transfected with the Xpress-tagged ZBTB16 expression vector and cultured for 36 hr. The cell lysate was analyzed by western blotting using anti-Xpress and anti-ATG14L antibodies. Anti-tubulin was used as a loading control. (F) 293T cells were transfected with Myc-Atg14, Myc-Cul3, HA-ROC1, and FLAG-ZBTB16 expression vectors and cultured for 24 hr. MG132 (25 μM) was added in the last 8 hr as indicated. The cell lysates were then harvested and analyzed by western blotting using indicated antibodies. (G) 293T cells were transfected with Myc-Cul3, HA-ROC1, and FLAG-ZBTB16 expression vectors and cultured for 24 hr. MG132 (25 μM) or E64D (10 μM) was added in the last 8 hr as indicated. The cell lysates were then harvested and analyzed by western blotting using indicated antibodies. DOI: 10.7554/eLife.06734.003 The following figure supplement is available for figure 1: ATG14L can be observed in the presence of purified CUL3, ROC1, and ZBTB16 proteins in vitro ( Figure 2H ). The role of Cullin3 is important as knockdown of CUL3 or expressing CUL3ΔC, a dominant negative mutant (Jin et al., 2005; Mathew et al., 2012) , blocked the ubiquitination of Atg14L, as well as auto-ubiquitination of ZBTB16 (Figure 2-figure supplement 1D-F). Taken together, we conclude that CUL3-ROC1-ZBTB16 complex controls the ubiquitination and proteasomal degradation of ATG14L to regulate autophagy.
Regulation of ZBTB16-mediated ubiquitination of ATG14L
Since regulation of Atg14L and autophagy in cells and mutant mice that are either deficient or overexpressing ZBTB16 occurred under normal nutritional conditions ( Figure 1B -E), we hypothesized that ZBTB16 might respond to growth factor stimulation, rather than cellular nutritional status. Indeed, we found that serum starvation of HeLa cells for as short as half an hour induced the degradation of ZBTB16 and a concomitant increase in the levels of ATG14L with no effect on its mRNA, while the levels of Beclin1 and Vps34 showed no significant change ( Figure 3A and These results suggest that ZBTB16 and Atg14L are regulated by serum factors rather than the availability of nutrients, such as glucose and amino acids, or the status of mTOR, a major regulator of autophagy in response to nutritional starvation.
The degradation of ZBTB16 in serum-free condition was blocked by the addition of MG132, suggesting serum starvation may lead to increased proteasomal degradation of ZBTB16 ( Figure 3B ). Consistent with this hypothesis, serum starvation also decreased the ubiquitination of ATG14L ( Figure 3C ). However, in HeLa cells deficient for ZBTB16, the levels of Atg14L remained elevated even after the addition of serum ( Figure 3D ; Figure 3 -figure supplement 1H). Conversely, elevated levels of autophagy as indicated by increased numbers of GFP-LC3 upon serum removal were suppressed after Atg14L knockdown (Figure 3-figure supplement 1I). Thus, we conclude that the expression of ZBTB16 is important for the down-regulation of Atg14L levels in the presence of serum.
To examine the potential involvement of class I PI3 kinase signaling in the degradation of ATG14L, we treated HeLa cells with LY294002, an inhibitor of PI3 kinase. As expected, the addition of LY294002 led to the loss of S473 phosphorylation in Akt, a marker for its activation, and the loss of an inhibitory phosphorylation on Ser9 of glycogen synthase kinase-3β (GSK3β) (Sutherland et al., 1993) , indicating the activation of GSK3β. Interestingly, the treatment with LY294002 led to significant reductions in the levels of ZBTB16 and concomitant increases in the levels of ATG14L and LC3II/tubulin ratio and autophagic flux, suggesting the induction of autophagy ( Figure 3E and Figure 3-figure supplement 1J) . Thus, the inhibition of class I PI3 kinase and AKT and activation of GSK3β may contribute to the reduction in the levels of ZBTB16 and the increases that of Atg14L.
Since phosphorylation of substrates provides an important targeting mechanism for Cul3-Roc1 E3 ubiquitin ligase complexes (Petroski and Deshaies, 2005) , we hypothesized that serum starvation induced degradation of ZBTB16 is regulated by phosphorylation. As inhibition of class I PI3 kinase by LY294002 led to the activation of GSK3β, which is known to be activated by serum starvation to regulate cell survival (Frame and Cohen, 2001) , we examined the possibility that GSK3β be involved in mediating the degradation of ZBTB16 upon serum starvation. The phosphorylation of Ser9, an inhibitory phosphorylation event, in GSK3β is strongly inhibited in serum-starved HeLa cells as reported (Figure 3-figure supplement 2A ) (Sutherland et al., 1993) . . Serum starvation regulates ZBTB16 activity through GSK3β. (A) HeLa cells were cultured in serum-free condition for indicated periods of time, and then the cell lysates were harvested and analyzed by western blotting using indicated antibodies. (B) HeLa cells were serum starved for indicated periods of time with or without MG132 (10 μM), and then the cell lysates were harvested and analyzed by western blotting using indicated antibodies. (C) HeLa cells were transfected with the expression vectors of HA-Ub and Myc-ATG14L and cultured for 36 hr and then cultured either in the presence or absence of serum (SD) for an additional 4 hr. The cell lysates were harvested and immunoprecipitated with anti-ATG14L. The immunocomplexes were analyzed by western blotting using anti-HA antibody for ubiquitin or anti-Myc as indicated. (D) HeLa cells were transfected with control non-targeting or ZBTB16 targeting siRNA. The cells were cultured in the presence of serum for 46 hr after transfection, subject to serum deprivation (SD) for 24 hr, and then re-stimulated by 10% FBS as indicated for another 2 hr. The total cell lysates were analyzed by western blotting with indicated antibodies. (E) HeLa cells were treated with PI3 kinase inhibitor LY294002 at indicated concentrations (μM) and time periods, and the cell lysates were harvested and analyzed by Figure 3 . continued on next page Consistent with a role of GSK3β in regulating ZBTB16, knockdown of GSK3β, or the addition of SB216763, an inhibitor of GSK3β, restored the levels of ZBTB16 ( Figure 3F ; Figure 3 -figure supplement 2B). Thus, GSK3β might be involved in regulating ZBTB16 in response to serum removal.
We tested the possibility that GSK3β might phosphorylate ZBTB16. Indeed, we found that the expression of constitutively active GSK3β (Stambolic and Woodgett, 1994; Zhao et al., 2012) could lead to phosphorylation of ZBTB16, which can be inhibited by SB216763 (Figure 3-figure  supplement 2C ). In addition, the interaction of ZBTB16 and GSK3β could be detected, suggesting that ZBTB16 might be a substrate of GSK3β (Figure 3-figure supplement 2D) . A search of Scansite (http://scansite.mit.edu) identified three possible sites in ZBTB16 for GSK3β: S184, T282, and S347. Interestingly, we could detect increased phospho-ZBTB16 under serum starvation condition, and the phosphorylation of ZBTB16 could be inhibited by inhibitors of GSK3β ( Figure 3G ). We found that S184A mutation, but not S347A mutation, eliminated the phosphorylation of ZBTB16 induced by serum starvation condition detected by pan-phospho-Ser antibody ( Figure 3H ). On the other hand, T282A mutation-eliminated phosphorylation induced by serum starvation condition detected by pan-phospho-Thr antibody ( Figure 3I) . Furthermore, S184A and T282A mutations also eliminated phosphorylation by GSK3β in vitro ( Figure 3J -K) or in cells expressing constitutively active GSK3 (Figure 3-figure supplement 2E ) (Stambolic and Woodgett, 1994; Zhao et al., 2012) . Blocking of ZBTB16 phosphorylation, however, had no effect on the mTOR pathway as Torin1, an inhibitor of mTOR, could still induce autophagy in HeLa cells expressing ZBTB16 S184A/T282A (Figure 3-figure  supplement 2F ). Taken together, we conclude that S184 and T282 of ZBTB16 may be phosphorylated by GSK3β in cells under serum starvation condition.
To determine if ubiquitination of ZBTB16 might be affected by serum starvation, we expressed wt and S184A/T282A mutant ZBTB16 in HeLa cells. We found that serum starvation significantly enhanced auto-ubiquitination of wt ZBTB16, but not S184A/T282A mutant ( Figure 4A) . Consistently, auto-ubiquitination of S184D/T282E ZBTB16 mutant was significantly enhanced compared to that of wt ( Figure 4B ). On the other hand, the abilities of S184A/T282A and S184D/T282E ZBTB16 mutants to mediate the ubiquitination of Atg14L were higher and lower than that of wt, respectively ( Figure 4C ). Since both S184 and T282 are localized in the region of ZBTB16 that is important for binding to Atg14L, we tested the effect of phosphor-mimetic mutation in ZBTB16 on the interaction with Atg14L. Consistently, the interaction of S184D/T282E ZBTB16 mutant with Atg14L was significantly weaker than that of wt ( Figure 4D) . Finally, to examine if S184/T282 phosphorylation of ZBTB16 might be critical functionally to regulate autophagy under serum starvation condition, we analyzed the response of HeLa cells expressing wt or S184A/T282A mutant to serum starvation. Since endogenous and overexpressed wt ZBTB16 proteins are degraded upon serum starvation while S184A/T282A mutant is not, this experiment provides an opportunity to test if the persistent levels of S184A/T282A mutant under serum starvation condition might be able to suppress the increases in Atg14L and autophagy. Interestingly, we found that the increases in the levels of Atg14L and reduction in that of p62 were blocked by the expression of S184A/T282A ( Figure 4E) . Thus, we conclude that phosphorylation of S184/T282 of ZBTB16 by GSK3β is functionally important for regulating Atg14L under serum starvation condition to promote autophagy.
Regulation of ATG14L by GPCR signaling
Next, we proceeded to identify the factor(s) in the serum that can reduce the levels of ATG14L. Surprisingly, we found that heat-inactivated fetal bovine serum (FBS) was equally effective in reducing the levels of ATG14L induced by serum starvation ( Figure 5A and Figure 5-figure  supplement 1A-B) . The presence or absence of serum, however, had no effect on the predominant cytoplasmic localization of ZBTB16 ( Figure 5-figure supplement 1C) . The effect of serum starvation on the increased ATG14L and decreased ZBTB16 levels can also be suppressed by the addition of bovine serum albumin (BSA) with different degree of purity, SDF1, or lysophosphatidic acid (LPA), which are known GPCR ligands ( Figure 5B -D and Figure 5- figure  supplement 1D-G) . In addition, the treatment of other GPCR ligands such as endothelin 1, high density lipoprotein (HDL) could all block the increases in the levels of Atg14L induced by serum starvation ( Figure 5E and Figure 5-figure supplement 1H ). Since the signaling of SDF1 (Bleul et al., 1996) , LPA (Hecht et al., 1996) , endothelin (Horinouchi et al., 2013) , HDL (Whorton et al., 2007 ) is all known to be mediated through GPCRs, these results suggest that the levels of Atg14L are under the control of GPCR signaling.
Heterotrimeric G-proteins, composed of non-identical α, β, and γ subunits, are the critical mediators of GPCR signaling (Malbon, 2005) . To directly test the role of GPCR signaling on Atg14L, we examined the effect of knocking down multiple Gα proteins. Interestingly, knocking down the expression of multiple Gα proteins led to increases in the levels of ATG14L and autophagic flux (Figure 5F -G; Figure 5 - figure supplement 2A-E) . Thus, we conclude that at least a subset of GPCR signaling regulates autophagy through controlling the levels of ATG14L.
The activation of GPCR triggers multiple signal transduction pathways including an increase in the activities of downstream mediators such as Rho-associated coiled-coil containing protein kinase, phospholipases C, which leads to the synthesis of lipid-derived second messengers, activation of adenylyl cyclase, and subsequent activation of protein phosphorylation cascades (Lappano and Maggiolini, 2011) . Activation of these pathways is known to negatively regulate the activity of GSK3β (Forde and Dale, 2007) . We next investigated the impacts of these intracellular signaling pathways on Atg14L. Activation of Gαs by a large group of GPCRs stimulates adenylyl cyclase and production of cAMP (Malbon, 2005) . To directly test the role of cAMP in the induction of Atg14L in serum-starved cells, we treated HeLa cells with forskolin, an activator of adenylyl cyclase, and thereby stimulating the production of cAMP. Interestingly, the treatment of forskolin suppressed the increases of Atg14L under serum starvation condition ( Figure 5H ; Figure 5-figure supplement 2F) . Conversely, we treated HeLa cells with Pertussis toxin (PTX), which inactivates all members of the Gαi family of G proteins, and found that the treatment of PTX led to reduction of ZBTB16 and increases in Atg14L in the presence of serum ( Figure 5I ; Figure 5-figure supplement 2G) .
Taken together, these results suggest that ZBTB16 regulated Atg14L degradation is a common downstream mechanism by which multiple signaling pathways that are activated by at least a subset of GPCRs in regulation of autophagy.
Activation of autophagy by GPCR antagonist promotes autophagy in vivo
AMD3100 is a FDA approved GPCR antagonist used in clinics as an immunostimulant to mobilize hematopoietic stem cells in cancer patients (Donzella et al., 1998) . The treatment of HeLa cells with AMD3100 led to reduction in the levels of ZBTB16 and increases in the levels of Atg14L (Figure 6-figure supplement 1A) . Consistent with increases in the levels of Atg14L, AMD3100 treatment also increased the ratio of LC3II and tubulin, which is further stimulated in the presence of CQ, suggesting that AMD3100 promotes autophagic flux ( Figure 6-figure supplement 1B) . Furthermore, the treatment with AMD3100 reduced the levels of mutant Huntington (mHTT), which can be blocked by CQ, suggesting that AMD3100 can promote the degradation of mutant Htt through lysosomal-dependent autophagic degradation (Figure 6-figure supplement 1C) .
We next tested the effect of AMD3100 in mice. We found that in mice dosed with AMD3100, the phosphorylation of AKT(S473) and GSK3(S9) was reduced, and the levels of Atg14L were increased ( Figure 6A ) as that cells under serum starvation in culture. Corresponding to the activation of GSK3β, the levels of ZBTB16 were decreased, while its phosphorylation was increased ( Figure 6A-B) . Autophagy was activated in the brains of these mice treated with AMD3100 as the levels of autophagy marker p62 in the brain were reduced, and ratio of LC3II to tubulin was increased ( Figure 6A ). In addition, we used immunostaining of p62 to measure the levels of autophagy. We found that the levels of p62 in the cortex and striatum of N171-82Q mice treated with vehicle or AMD3100 once daily for one month were significantly lower than that of vehicle-treated mice ( Figure 6-figure supplement 1D ). These data suggest that pharmacological inhibition of GPCR signaling can lead to down-regulation of ZBTB16 and increases in the levels of Atg14L and up-regulation of autophagy in vivo.
To directly examine the impact of activating autophagy by inhibiting GPCR signaling on the accumulation of expanded polyglutamine repeats and disease progression in animal models of expanded polyglutamine disorders, we used N171-82Q transgenic mice, a mouse model of Huntington's disease that expresses the N-terminal 171 amino acids of human htt with 82Q repeat under the control of the prion promoter (Schilling et al., 1999) . Untreated N171-Q82 mice develop intranuclear expanded polyglutamine inclusions and neuritic aggregates and behavioral abnormalities, including loss of coordination, tremors, hypokinesis, and abnormal gait, before dying prematurely. We found that the treatment of AMD3100 significantly reduced the frequency of hindlimb clasping when suspended by tail ( Figure 6C) . We monitored the effect of AMD3100 on motor function using rotarod test. The motor deficit in N171-Q82 mice is detectable at 10-11 weeks of age (Schilling et al., 1999) . Beginning at 11 weeks of age, AMD3100 or vehicle control was administered daily to HD mice until the end of their life. When tested at 13.5 weeks of age, the N171-Q82 mice received AMD3100 showed significantly improved motor function as indicated by the extended time on rotarod ( Figure 6D) . The N171-Q82 mice received AMD3100 daily survived significantly longer than that of control group (119 ± 3.82 days vs 104 ± 4.63 days. p < 0.05) ( Figure 6E) .
We characterized the accumulation of expanded polyglutamine in vehicle and AMD3100 treated N171-Q82 mice by western blotting and immunostaining. We found that the levels of expanded polyglutamine in brain tissues of N171-82Q mice at the age of 15 weeks were dramatically reduced compared to that of vehicle-treated mice as shown by western blotting ( Figure 6F) . Furthermore, the accumulation of expanded polyglutamine in the cortex, striatum, and hippocampus was significantly reduced after the treatment of AMD3100 as shown by immunostaining ( Figure 6G and Figure 6-figure supplement 1E) .
Taken together, we conclude that the activation of autophagy by inhibiting GPCR signaling can promote the degradation of expanded polyQ and preserve neuronal functions by inhibiting Atg14L degradation through ZBTB16-mediated ubiquitination and proteasomal degradation ( Figure 6H ).
Discussion
Our study reveals a novel mechanism by which GPCRs and the associated intracellular signaling mediators regulate autophagy by controlling the ubiquitination and proteasomal degradation of Atg14L mediated by ZBTB16-CUL3-ROC1. Our study provides a mechanism of crosstalk between . Up-regulation of Atg14L and autophagy by GPCR antagonist AMD3100 in vivo ameliorated the neural dysfunction of HD transgenic mice. (A) WT mice were dosed once intraperitoneally with AMD3100 at 10 mg/kg body weight and 24 hr later, the brain tissues were collected and analyzed by western blotting using indicated antibodies. Anti-Tubulin was used as a loading control. The levels of ZBTB16, p62, and LC3-II were quantified as graphs on the right side. (B) WT mice were dosed once intraperitoneally with AMD3100 at 10 mg/kg body weight and 24 hr later, the brain tissues were lysed in Figure 6 . continued on next page autophagy and proteasome, two major intracellular degradative machineries. Since GPCRs represent the largest family of membrane-bound receptors that can interact with a broad range of ligands, including small organic compounds, eicosanioids, peptides, and proteins (Lagerström and Schiöth, 2008) , our results suggest that autophagy can be regulated by a much wider range of extracellular signals and conditions beyond starvation condition than currently appreciated. Furthermore, we demonstrate as a proof-of-principle that suppression of GPCR signaling by AMD3100 can activate autophagy to reduce the accumulation of expanded polyglutamine repeats, extend survival, and ameliorate neurodysfunction in a mouse model of Huntington's disease. Since our study suggests that ZBTB16-regulated Atg14L ubiquitination and degradation is a common downstream mechanism modulated by GPCR signaling in control of autophagy, our study suggests the possibility to explore regulators of additional GPCRs to manipulate autophagy in the CNS. Since GPCRs represent the most common 'druggable' targets, our results demonstrate a potentially wide range of possible targets for safely modulating the levels of autophagy through pharmacological manipulations of GPCR signaling. Our data, however, do not rule out that GPCRs might regulate additional pathways in control of autophagy; nor do we exclude the possibility that ZBTB16 has substrates, in addition to Atg14L, in regulating autophagy.
The phosphorylation of targeting substrates often serves as a signal and prelude for binding, ubiquitination, and proteasomal degradation mediated by Cullin-RING ligase complexes (Petroski and Deshaies, 2005) . In this case, we found that phosphorylation of S184/T282 in the center domain of ZBTB16 by GSK3β may provide a signal to disrupt the inhibitory folding and thereby activate its auto-ubiquitination activity. On the other hand, the phosphorylation of S184/T282, which is in the domains of ZBTB16 involved in binding to Atg14L, inhibits its interaction with Atg14L and therefore, reduces the ubiquitination and degradation of Atg14L. Since the interaction of ZBTB16 and Atg14L is mediated by the binding to the BATS domain, a lipid-binding domain that binds to highly curved autophagosome structures enriched with PI3P (Matsunaga et al., 2010; Fan et al., 2011) . Consequently, the interaction of ZBTB16 with Atg14L is potentially competitive with the role of Atg14L in promoting the formation of autophagosomes, consistent with its negative role in regulating autophagy. Thus, the degradation of ZBTB16 upon inhibition of GPCR signaling may not only release Atg14L from proteasomal degradation but also provide a permissive signal to allow the binding of the BATS domain with PI3P, an important event during the formation of autophagosomes. Figure 6 . Continued NP-40 buffer with phosphatase inhibitors and immunoprecipitated ZBTB16 antibody. The immunocomplexes were analyzed by western blotting with phospho-Ser antibody and anti-ZBTB16 antibody. The levels of ZBTB16 phosphorylation were quantified shown as a graph on the right. (C) Dosing of AMD3100, but not saline alone, for two weeks reduced the clasping of the hindlimbs of N171-82Q mice at 13 weeks of age. (D) AMD3100 improved motor function of N171-82Q mice as determined by rotarod testing. The mice received training on rotarod for 10 min each day for 3 days before being tested on the first day of 11 week of age before dosing of AMD3100 started (Day 1). The mice received rotarod training again on day 15-17 during AMD3100 or saline dosing course and were tested again on day 18-21 as shown. For testing, the speed of the rod was set to 5 rpm and increased by 0.5 rpm/s. The data were collected as an average of three trials for each mouse everyday. Mice were allowed to rest for 20 min between trials. N = 13 for each group. The data are presented as mean values ± s.e.m.*. p < 0.05 by t-test for significance. AMD3100 (10 mg/kg body weight) or saline treatment was delivered by intraperitoneal injection from 11 weeks of age daily (every 24 hr). The experiments were carried out in double-blind manner (the person who conducted rotarod testing was unaware if the mouse had received saline or AMD3100, which was provided by another person). (E) Survival of wild-type (WT), N171-82Q injected with saline (HD + saline), N171-82Q mice injected with AMD3100 (HD + AMD3100). N = 13 for each group. p < 0.05 by log-rank test for significance. The experiments were carried out in double-blind manner (the person who monitored mouse survival was unaware if the mouse had received saline or AMD3100, which was provided by another person). (F) The brain tissues of WT mice or N171-82Q mice dosed for 4 weeks by saline alone or AMD3110 at the age of 15 weeks were isolated and analyzed by western blotting using indicated antibodies. Anti-tubulin was used as a loading control. AMD3100 (10 mg/kg body weight/day) or saline treatment was delivered by intraperitoneal injection from 11 weeks of age every 24 hr. The levels of soluble mHtt were quantified as graphs on the right side. (G) Immunostaining of tissue sections from the cortex and striatum of N171-82Q mice treated with saline or AMD3100 daily for 4 weeks using rabbit EM48. DAPI staining is for nucleus. Quantitative assessment of neuropil aggregate density is as graphs below. (H) A model for regulation of autophagy under normal nutritional conditions: inhibiting GPCR signaling leads to the activation of GSK3β, which mediates the phosphorylation of ZBTB16 to promote its auto-ubiquitination and inhibit the ubiquitination and proteasomal degradation of Atg14L that in turn leads to increased activity of class III PI3 kinase and production of PI3P, and activation of autophagy. DOI: 10.7554/eLife.06734.014 The following figure supplement is available for figure 6: 
Cell culture
HEK293T, HeLa, human neuroglioma, H4 cells were cultured in Dulbecco's modified eagle medium (DMEM) supplemented with 10% FBS and 1% penicillin-streptomycin (Gibco-BRL). For serum starvation, cells were incubated in DMEM without FBS.
Transfection
Cells were transfected with plasmid DNA using PolyJet DNA In Vitro Transfection Reagent (Signagen Laboratories, Rockville, MD). siRNA transient transfections were performed using Lipofectamine 2000 (Invitrogen).
Antibodies
Anti-ATG14L (MBL, PD026,Lot.003), anti-ZBTB16 (ab39354, abcam), anti-Beclin1 (sc-H-300, Santa Cruz), anti-Vps34 (12452-1-AP, PTG), anti LC3B (L7543, Sigma), anti-P62 (PM045, MBL), anti-P-GSK3β (ser9) (#9323, CST), anti-GSK3β (#9832S, CST), anti-p44/42 MAPK kinase (#9102, CST), anti-p-p44/42 MAPK (T202/Y204) (#9101S, CST), anti-pAKT (S473) (#4060S, CST), anti-AKT (sc-H136, Santa Cruz), anti-Tubulin (PM054, MBL), anti-Myc (M4439, Sigma), anti-Flag M2 (F1804, Sigma), anti-Cullin3 (ab75851, abcam), anti-Xpress (R910-25, Invitrogen), anti-phosphoserine (44911M, Invitrogen), anti-p-Threonine-proline (#9391S, CST), Gαq/11 antibody (C-19) (sc-392, Santa Cruz), Gαs antibody (A-16) (sc-26766, Santa Cruz), anti-Gα13 (sc-410, Santa Cruz), anti-Ubiquitin (Z0458, Dako), mouse EM48 (MAB5374, Millipore).
Immunoprecipitation
Cells were lysed with NP-40 buffer (10 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.5% NP-40, protease inhibitors cocktail [Sigma], 5% glycerol, 10 mM NaF, 1 mM PMSF), or Buffer II (1 mM EDTA, 0.1% NP-40, 10 mM Tris-HCl pH 7.5). Whole cell lysates obtained by centrifugation were incubated with 5 mg of antibody and protein G agarose beads (Invitrogen) overnight at 4˚C. The immunocomplexes were then washed with NP-40 buffer for 3 times and separated by SDS-PAGE for further western blotting assay. Ubiquitination detection was conducted on fully denatured proteins. The cells were lysed with a 1% SDS lysis buffer and boiled for 15 min. Denatured lysates were then diluted with 0.5% NP-40 lysis buffer and immunoprecipitated with appropriate antibody.
In vitro ubiquitination assay
Myc-Cullin3, FLAG-ZBTB16, HA-ROC1, Myc-ATG14 proteins were immunopurified from 293T cells transfected with the expression vectors encoding above proteins individually. The eluted proteins were incubated with recombinant E1 (60 ng), E2-Ubc5c (300 ng), and ubiquitin (1 μg) in an in vitro ubiquitin ligation reaction containing 50 mM Tris-HCl pH 7.4, 5 mM MgCl 2 , 10 nM okadaic acid, 2 mM ATP, 0.6 mM Dithiothreitol (DTT), 1 μg ubiquitin (final volume 30 μl). The reactions were incubated at 37˚C for 60 min, terminated by boiling for 5 min in SDS sample buffer.
In vitro GSK3 kinase assay
In vitro kinase reactions were performed using Flag-ZBTB16 proteins immunoprecipitated from HEK293T cells as substrates in kinase reaction buffer (NEB), 200 mM ATP, and 500 units of GSK3 enzyme (NEB p6040S) at 30˚C for 1 hr. Reactions were terminated by addition of SDS sample buffer.
Cytoplasmic and nuclear proteins fractionation
HeLa cells were washed with Phosphate Buffered Saline (PBS) in 4˚C and incubated with Buffer A (HEPES [pH 7.9], 20 mM; 10 mM KCl, 1 mM EDTA, 0.5 mM PMSF, 1× protease inhibitor cocktail; 1 mM DTT, 5 mM NaF, 0.1 mM Na 3 VO 4 , 10% Glycerol) at 4˚C for 10 min. The cell lysates were collected into cold 1.5-ml EP tube, and NP-40 was added to the final concentration of 0.5%. After a brief vortexing and incubation in ice (1 min), the lysates were centrifuged at 12,500 rpm for 3 min. The supernatant was collected as the cytoplasmic fraction. 50 ml Buffer B (HEPES [pH 7.9], 20 mM; 10 mM KCl, 1 mM EDTA, 0.5 mM PMSF, 1× protease inhibitor cocktail, 1 mM DTT, 5 mM NaF, 0.1 mM Na3 VO4, 420 mM NaCl, 10% Glycerol) was added into to the sediment. The mixture was mixed by vortex and incubated on ice for 40 min before centrifuged at 12,500 rpm for 3 min. The supernatant was collected as the nuclear fraction.
RT-PCR and site-directed mutagenesis
Total RNA was prepared using RNeasy mini kit (QIAGEN). RNA (1.25 mg) was used for cDNA synthesis using SuperScript First-Strand Synthesis System for Reverse transcription polymerase chain reaction (RT-PCR) (Invitrogen) with oligo dT primers. Mutagenesis was performed using Quik-Change mutagenesis kit (Stratagene). cDNAs for ZBTB16, ATG14L, and their deletion mutants were cloned into pcDNA3.1 using ClonExpressTM II cloning kit (Vazyme biotech). The specific primers were: Vps34, 5′-GAACTTATCCCGTTGCCTTTA-3′ (forward), and 5′-CATGACCTCAGCACTAATCCC-3′ (reverse). Beclin1, 5′-CCGCAAGATAGTGGCAGAAA-3′ (forward), and GCGACCCAGCCTGAAGTTAT-3′ (reverse). Atg14L, 5′-GCTGGTCAACATTCTGTCTCA-3′ (forward), and 5′-CTCCTCAAGGTCTGCTCGTAC-3′ (reverse). Actin, 5′-AGCGAGCATCCCCCAAAGTT-3′ (forward), and 5′-GGGCACGAAGGCTCATCATT-3′ (reverse).
